I. INTRODUCTION
In recent years Flexible AC Transmission Systems (FACTS) became well known power-electronics-based equipment to control transmission lines power flow. UPFCs are the most versatile and complex FACTS allowing precise and reliable control of both active and reactive power flow over the network. UPFCs can prevail over line impedance dependencies, sending and receiving end voltage amplitudes and phase differences.
The original UPFC concept, introduced in the nineties by L. Gyugyi [1] , consists of two AC-DC converters using GateTurn Off thyristors (GTO), back to back connected through their common DC link using large high-voltage DC storage capacitors. Both converters AC sides are connected to the transmission line, through coupling transformers, in shunt and series connection with the line. This arrangement can be operated as an ideal reversible AC-AC switching power converter, in which the power can flow in either direction between the AC terminals of the two converters. The DC link capacitors provide some energy storage capability to the back to back converters that help the power flow control.
Replacing the two three-phase inverters by one matrix converter the DC link (bulk) capacitors are eliminated, reducing costs, size, maintenance, increasing reliability and lifetime. The AC-AC matrix converter, also known as all silicon converter, processes the energy directly without large energy storage needs. This leads to an increase of the matrix converter control complexity. In [2] an UPFC-connected power transmission network model was proposed with matrix converters and in [3] was used to synthesize both active (P) and reactive (Q) power controllers using a modified Venturini high-frequency PWM modulator.
In this paper a Matrix Converter based UPFC-connected power transmission network model is proposed, using a Direct Power Control approach (DPC-MC). This control method is based on sliding mode control techniques [5] and allows real time selection of adequate state-space vectors to control input and output variables.
Transmission line active and reactive power flow can be directly controlled using this approach and the dynamic and steady state behavior of the proposed P, Q control method is evaluated and discussed using detailed simulations. Results show decoupled active and reactive power control, zero error tracking and fast response times, when compared to proportional integral linear controllers presented in [3, 4] .
II. MODELING OF UPFC POWER SYSTEM

A. General architecture
A simplified power transmission network of DPC technique applied to the three phase Matrix Converter (MC) operated as UPFC is presented in Fig. 1 1 T and 2 T . Fig. 2 a) shows per phase equivalent circuit of matrix UPFC transmission system model. For system modeling, the power sources, the coupling transformers, the MC are all considered ideal and the resistive component of the line impedance is neglected. Also, the MC is represented as a controllable voltage source, with amplitude V C and phase ρ .
Applying Kirchoff law to the per phase equivalent circuit, the line current phasor vector I is obtained:
The effect of UPFC on active and reactive power flow is shown in the phasor diagram of Fig. 2 b) . The injected series voltage V C must compensate the amplitude and phase differences between V S and V R0 (voltage at the load bus), as well as the effects of line impedance X L2 .
The complex power S S of sending end voltage S V is:
(2) Equation (3) presents the apparent power in dq coordinates, assuming a symmetrical and balanced three phase system. 
Assuming a reference frame synchronized to the mains so that 0 = q V , P and Q will be given by (5.a) and (5.b)
respectively.
Based on the desired active and reactive power, reference currents can be calculated from (5.a) and (5.b) [6] , ensuring decoupled control of active and reactive powers. However, being a closed loop control only for the I d and I q currents, the P, Q actual powers are sensitive to errors on the V d , V q values.
B. Matrix Converter output voltage and input current vectors
A detailed diagram of the UPFC system showing the connection of the matrix converter to the transmission line is shown in Fig. 3 and includes the 3 phase shunt input transformer ( a T , b T , c T ), the 3 phase series output transformer ( A T , B T , C T ) and a three-phase matrix converter with an array of nine bi-directional switches S kj with turn-on and turn-off capability, allowing the connection of each one of three output phases directly to any one of the three input phases. The three-phase lC input filter is required to reestablish a voltage-source boundary to the converter, enabling also smooth input currents. Since the matrix converter is supplied with a shunt transformer and voltage source input filter, and its outputs have inductive characteristic (series transmission line transformer), the input phases can never be short-circuited, and the output inductive currents cannot be interrupted, meaning that for all k∈{1,2,3},
Based on (6) the relationship between load and input voltages can be expressed as:
The input phase currents can be related to the output phase currents (8) , using the transpose of matrix S.
From the 27 possible switching patterns, state-space vectors can be obtained on the table presented in [5] , representing in αβ coordinates the output voltages and input currents, and plotted in the αβ frame (Fig. 4 b) . According table in [5] , the 6 vectors of group I have fixed amplitude and time varying phase, the 18 vectors of group II have variable amplitude but constant phase and the 3 vectors of group III are null.
The active and reactive power direct controller will select at any given time instant one of these 27 vectors.
III. DIRECT POWER CONTROL OF UPFC
A. Active and reactive power sliding surfaces
From Fig. 2 a) in steady state V d is imposed by source V S . The transmission line current can be considered a state variable with a first order dynamics dependent on the sources and line impedance X L2 . Therefore, active and reactive powers present a first order dynamics and have a strong relative degree of one, from the control viewpoint [7, 8] .
From sliding mode control theory, sliding surfaces suitable to control the P and Q variables with relative strong degree of one are directly proportional to the errors of the state variables [7] . Therefore, defining the active power error e P and the reactive power error e Q as the difference between the power references P ref proportional to these errors, and should be zero after the system reached sliding mode, (10) :
k P, k Q are gains chosen to impose the switching frequency.
B. Active and reactive power direct switching law
The UPFC direct power control is a non linear control approach based on the direct and real time selection of the switching states (vectors) of all the power semiconductors of the matrix converter, based on the errors e P and e Q . Since there are no modulators and/or pole zero compensators, high response speed in power management is possible.
To guarantee stability for active power and reactive power controllers, the sliding-mode stability condition (11) must be guaranteed. According to (10) and (11), the criteria to choose the statespace vector should be:
The same procedure should be applied to the reactive power error.
If
, t h e n choose a vector suitable to increase the active power P.
, t h e n choose a vector suitable to decrease the active power P
3. If 0 = ) t , e ( S P P , then choose a vector which does not significantly change the active power. 
, meaning that P must increase. Also from (13)
which means that if Matrix converters are discrete time systems with 27 vectors. In order to simplify the control system, the six vectors of group I are usually not used, because they require extra algorithms to calculate their time varying phase [7, 9] . From group II, only the 12 highest amplitude voltage vectors are certain to be able to guarantee the required levels of V Ld and V Lq for non-zero errors.
Adding the 3 vectors of group III for near zero errors, only 15 voltage vectors should be chosen in direct power control.
If the control errors e P and e Q are quantized using two hysteresis comparators, each with three levels (-1, 0 and +1), nine output voltage error combinations are obtained. If a twolevel comparator is used to control the matrix input reactive power, as discussed in next subsection, 18 error combinations (9×2=18) will be defined enabling the selection of the previous 15 voltages vectors.
As an example of vector selection consider the case of According to [5] , output voltage vectors depend on the input voltage vectors (mains), so to choose the adequate output voltage vector it is necessary to know the location of the input voltages (Fig. 4.a) . Supposing now that the voltages are in sector V i 1 (Fig. 4.b) and considering the sliding surfaces given above, then the vector to be applied should be +9 or -7. The final choice between them depends on the matrix reactive power controller discussed next. Using the same reasoning for other active and reactive power error combinations and generalizing it for all the other input voltage sectors, table I is obtained.
C. Direct Control of the Matrix Converter Input Reactive Power
The direct control of the matrix reactive power considers that the matrix converter is conservative, that is, the converter losses are neglected, implying the input active power is equal to the output active power. Besides ensuring the necessary active power, the matrix converter can be controlled to ensure the minimum or a certain desired reactive power in the sending-end power source. From the previous considerations, since the voltage source input filter ( fig. 3 ) has a strong relative degree of 2, then a suitable sliding surface and its first order time derivative [7] .
As said, this sliding surface is quantized with one hysteresis comparator, with two levels (-1 and +1) . Therefore, the derivative can be approximated by a discrete time difference, being K Qi chosen to obtain a suitable switching frequency.
To fulfill a stability condition similar to (10.b), it is necessary to apply dq coordinates to the input filter state variables, neglecting the effects of the damping resistor, to obtain:
Expression (17) is used to establish the criteria (18) to choose the adequate state-space vectors.
, then select vector with current i q >0 to decrease Q i . Sliding mode is reached when vectors applied to the converter have the necessary i q current amplitude in order to satisfy the stability conditions (18). Therefore, to choose the most adequate vector in the chosen dq reference frame, it is necessary to know the location of the output currents, since i q input current depends on the output currents, as shown in [5] . Considering that dq-axis location are synchronous with v ia input voltage, i.e. dq reference frame depends on the v ia input voltage location, the sign of the matrix reactive power Q i , can be determined knowing the location of the input voltages and the location of the output currents (Fig. 5) .
Considering the previous example, with input voltage at sector V i 1 and the following sliding surfaces signals, S α (e P ,t)>0 and S β (e Q ,t)<0, both vectors +9 or -7 (Fig. 4) would be suitable to control the line active and reactive power errors. However, at sector I o 1 (Fig. 5) When the active and reactive power errors are quantized as zero, S α (e P ,t)=0 and S β (e Q ,t)=0, the null vectors of group III would be used, or the lowest amplitude voltages vectors at sector V i 1 (-8, +2, -5, +8, -2, +5) at Fig. 4.b) . These vectors do not produce significant effects on the line active and reactive power values, but have high influence on the control of the matrix reactive power. From Fig 5.b) only the highest amplitude current vectors at the sector I o 1 should be chosen: vector +2 if S Qi (e Qi ,t) is quantized as C Qi = -1, or vector -2 if S Qi (e Qi ,t) is quantized as C Qi = +1. Using the same reasoning for sector V i 1 and applying it for the other output current sectors, table II is obtained.
IV. IMPLEMENTATION OF THE DPC-MC AS UPFC
As shown in the block diagram of Fig. 1, the 
V. SIMULATION RESULTS
The performance of the proposed direct control system was evaluated with a detailed simulation model using the Simulink SimPower Systems Blocks to represent the matrix converter, transformers, sources and transmission lines and Simulink blocks to simulate the control system. The load power is 1. =0.2pu , and the correspondent input current of the matrix converter and transmission line current. Note that there is no cross-coupling between the active and the reactive power, being both independently controlled and free from disturbances originated by the control action. Also line currents and matrix currents are almost sinusoidal with very low ripple content.
These simulation results confirm numerically the performance of the proposed controllers, showing no crosscoupling, no steady state error (only switching ripples) and fast response times for different changes of power references.
VI. CONCLUSIONS
This paper proposes a Direct Power Controller, based on sliding mode control techniques, for matrix converters connected to the power transmission line as UPFC. The simulation results show that active and reactive power flow can be controlled using these sliding mode based direct power controllers. The results show no steady state errors, no cross-coupling and fast response times, thus confirming the expected performance of proposed control methods.
